Objectives: In Pseudomonas aeruginosa, the bla GES-6 carbapenemase gene was previously associated with an In1076 class I integron. Here, we conducted a genome-based analysis and explored the genetic platform associated with the mobility of this gene.
Introduction
Pseudomonas aeruginosa is an opportunistic pathogen frequently implicated in nosocomial infections. 1, 2 Developing antibiotic therapies to eradicate this bacterium remains challenging, mainly due to its intrinsic and acquired resistance mechanisms to several antimicrobial agents, including carbapenems. 1, 2 The carbapenem resistance phenotype observed in P. aeruginosa is often mediated by the expression of carbapenemases. 1, 2 Carbapenemase genes are frequently linked to integron structures, which may also harbour other antibiotic resistance determinants. 1, 2 Class I integrons can be mobilized due to their association with different mobile genetic elements (MGEs), such as transposons, plasmids, integrative conjugative elements (ICEs) and/or genomic islands (GIs). [1] [2] [3] [4] [5] [6] GIs typically harbour genes responsible for integration, maintenance and transfer events. [1] [2] [3] [4] [5] [6] Additionally, GIs may carry genes involved in antibiotic and heavy metal resistance, as well as virulence determinants, conferring an adaptive advantage to the host in different environments. [1] [2] [3] [4] [5] [6] In Portugal, carbapenemases associated with P. aeruginosa include VIM-2, IMP-5 and GES-6. [7] [8] [9] The bla VIM-2 gene has been frequently identified in several P. aeruginosa isolates from Portuguese hospitals, associated with MDR and with high-risk clones (J. Botelho, F. Grosso, S. Quinteira, M. Brilhante, H. Ramos and L. Peixe, unpublished results). Previous studies conducted by our lab contributed to the characterization of different bla VIM-2 -carrying plasmids, highlighting the propagation of the In58 integron throughout distinct backbones. 7, 8 The GES family of enzymes has been identified in several Gramnegative species, such as P. aeruginosa, Klebsiella pneumoniae and Escherichia coli, and is responsible for an extended resistance spectrum to several b-lactams. 10 To date, 27 GES variants have been identified according to the Lahey Clinic website (http://www.lahey. org/Studies/). GES-6 is a class A b-lactamase with carbapenemase activity, which differs from GES-1 by two amino acid substitutions (E104K and G170S). The bla GES-6 gene was only previously described in Greece in a K. pneumoniae clinical isolate and in an 80 kb IncM1 plasmid from an Enterobacter cloacae clinical isolate recovered in Belgium. 11, 12 In P. aeruginosa, this carbapenemase was first identified in a clinical isolate belonging to ST235. 9 The bla GES-6 gene was associated with In1076, a class 1 integron coharbouring the aminoglycoside resistance aacA7 gene and ISPa55. 9 However, the genetic surroundings of this integron were barely inspected. Here, we explore the MGEs mediating the acquisition of the bla GES-6 gene in a recently detected P. aeruginosa ST235 isolate and analyse its genome-wide repertoire.
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Materials and methods

Species identification, antimicrobial susceptibility testing and clonal analysis
The FFUP_PS_690 isolate was collected in February 2015 from the urine of a 90-year-old outpatient. The strain was initially identified by the automated VITEK 2 system (bioMérieux) and the species was confirmed by multilocus sequence analysis (rpoD, gyrB and 16S rRNA genes). 13 Antimicrobial susceptibility testing was conducted according to the EUCAST guidelines (http:// www.eucast.org/) by the automated VITEK 2 system, except for colistin (broth microdilution method). MLST was performed according to the P. aeruginosa database (http://pubmlst.org/paeruginosa/).
WGS and bioinformatics
Total DNA from the FFUP_PS_690 isolate was extracted by the Wizard Genomic DNA Purification Kit (Promega) according to the manufacturer's instructions. The complete nucleotide sequence of FFUP_PS_690 was obtained with the Illumina HiSeq sequencing platform and de novo assembly by SPAdes 3.9.0.
14 The quality of the high-throughput sequence data was assessed using FastQC, and the quality of the genome assembly was evaluated by QUAST (http://quast.bioinf.spbau.ru/). SNP-based analysis using the P. aeruginosa PAO1 reference genome and closely related strains of the same MLST type was conducted by Geneious version 9.1.8 with default parameters. Automatic annotation of the genome was conducted by NCBI's Prokaryotic Genome Annotation Pipeline. 15 The presence of putative plasmid sequences was inspected by plasmidSPAdes tool from SPAdes 3.9.0. The presence of putative GIs was inspected by the SIGI-HMM method available in IslandViewer 4 (http://www.pathogenomics.sfu.ca/islandviewer/) and the VRprofile webbased tool (http://bioinfo-mml.sjtu.edu.cn/VRprofile/index.php). Antimicrobial resistance genes were identified by ResFinder (https://cge.cbs.dtu.dk/services/ ResFinder/) and the RGI software from the CARD database (https://card. mcmaster.ca/home). Individual contigs were manually inspected for the presence of the In1076 integron using BLASTn. Overlapping sequences comprising the genetic environment surrounding the integron were mapped with Geneious version 9.1.8 and Bandage (https://rrwick.github.io/Bandage/). Primer design and PCR mapping was conducted to confirm the orientation of this region, and the coding sequences (CDSs) were predicted using the Glimmer tool available in Geneious version 9. 
Transfer assay of ICE
The conjugation assay was performed as previously described, 16 with minor modifications. Briefly, a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1 was used as recipient strain. Cultures of the donor (FFUP_PS_690) and recipient strains were grown overnight in brain heart infusion (BHI) broth and subsequently mixed in a 1:1 ratio. Cell mixtures were centrifuged for 15 min at 4500 g, resuspended in 60 lL of BHI broth and spotted on MuellerHinton (MH) agar plates. After a 6 h period of incubation at 37 C, cells were collected in 1 mL of BHI broth and 100 lL was plated onto selective medium. Transconjugant selection was performed using MH agar plates containing rifampicin (100 mg/L) and imipenem (2 mg/L). MLST analysis of the transconjugant was conducted to confirm the success of the transfer assay.
Nucleotide sequence accession number
This Whole Genome Shotgun project has been deposited at DDBJ/ENA/ GenBank under accession number NBEZ00000000. The version described in this paper is version NBEZ01000000. The complete nucleotide sequence of the bla GES-6 -harbouring ICE has been submitted to GenBank under accession number KY852375.
Results and discussion
General features and genome-wide analysis of antibiotic resistance and virulence determinants P. aeruginosa isolate FFUP_PS_690 was non-susceptible to ticarcil-
(16 mg/L) and ciprofloxacin (4 mg/L) and only susceptible to colistin (0.5 mg/L), which is consistent with an XDR phenotype.
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FFUP_PS_690 belonged to ST235, the high-risk clone with the widest distribution throughout different continents and responsible for the dissemination of horizontally acquired carbapenemases.
1,2
The draft genome sequence of FFUP_PS_690, composed of 111 contigs, was 6.8 Mb in size, and had a 66.1% GC content and 6314 ORFs. Comparative genome analysis using the CGView Comparison Tool (http://stothard.afns.ualberta.ca/downloads/ CCT/) showed that the FFUP_PS_690 genome was highly related to a set of ST235 genomes, namely the complete genome sequences of NCGM 1984, NCGM 1900 and NCGM2.S1 strains (accession numbers AP014646.1, AP014622.1, AP012280.1, respectively), isolated in Japan, the draft genome sequences of RNS_PA1, RNS_PA46 and RNS_PAE05 strains (accession numbers NZ_LSZV00000000.1, NZ_LSZU00000000.1 and NZ_LSZT00000000.1, respectively), isolated in Australia, and the draft genome sequence of the S-Pae strain (accession number NZ_LYLN00000000.1), recovered in France (Figure 1) . A bidirectional analysis conducted on the RAST server between this genome and aforementioned strains revealed that around 5700 ORFs shared 100% protein identity. The main differences were observed among phage-associated proteins and other horizontally acquired regions. In fact, phage populations are frequently observed in the ST235 lineage. These findings help to support the hypothesis of geographic-specific infection of this lineage with different phages and subsequent genomic rearrangements. 5 SNP-based analysis comparing FFUP_PS_690 with the P. aeruginosa PAO1 reference genome (accession number NC_002516) revealed a total of 48879 polymorphisms within ORFs, of which 9899 comprised non-synonymous mutations. When comparing FFUP_PS_690 with the aforementioned closely related genomes, these values dropped to 5696, 5772 and 6413 (all variations within ORFs) and 1179, 1356 and 1400 (non-silent mutations within ORFs) for complete genomes of P. aeruginosa strains NCGM 1900, NCGM 1984 and NCGM2.S1, respectively. Specific SNPs lead to amino acid changes in antibiotic resistance determinants (Table 1) . Sequence analysis of the oprD gene revealed the occurrence of a 10 bp deletion when compared with WT oprD from PAO1, causing a frameshift mutation that led to a premature stop codon and which most likely contributed to the high imipenem MIC (16 mg/L) observed. 18 Missense mutations in peptidoglycan-recycling genes (dacB, ampR, ampD and its homologues ampDh2 and ampDh3) were also inspected. The double mutant ampD ampDh3 (PADDDh3) was previously linked to an increase in basal and induced AmpC levels. 19 These mutations may lead to the overproduction of the AmpC variant reported here (PDC-35) (Table 1) , helping to decrease the susceptibility of this isolate to cephalosporins. 20 No missense mutations were observed in AmpDh2 and DacB. The mutations reported for AmpR (Table 1) were previously described, 18 but not related to enhanced resistance. T83I and D87Y mutations in the QRDR of GyrA plus an S87L alteration in ParC were identified (Table 1) and may help to explain the MIC of ciprofloxacin (4 mg/L) observed here. 18 Twenty-three GI-like regions were identified in FFUP_PS_690. Of these, two presented important features related to antibiotic resistance and virulence, which will be described below.
An ICE location for the bla GES-6 carbapenemase gene
The bla GES-6 gene was located in an In1076 integron, as previously described (Figures 2 and 3 and Table S1 , available as Supplementary data at JAC Online), 9 and was associated with a Tn402-like structure. The typical 25 bp initial IR of this transposon was found downstream of the intI1 gene. However, the terminal IR of Tn402 was not identified in the 3 0 CS region, suggesting the occurrence of genetic rearrangements. The In1076 integron was here associated with a putative GI, being 86203 bp in size and comprising 91 coding sequences with a 63.1% GC content (Figure 2 ). This GC value is slightly lower than the one observed for the genome of FFUP_PS_690 (66.1%), suggesting a different origin for this MGE. PCR mapping revealed that the same genetic structure was present in the previously described P. aeruginosa CB1 clinical isolate, which was the first report of bla GES-6 in this species. 9 Since the definition of a GI embraces any cluster of genes that has been horizontally acquired, other MGEs such as conjugative transposons, prophages and ICEs are included in this definition. 21 ICEs are self-transmissible mosaics that encode their own integration/excision, conjugation, regulation and accessory modules. 3, 4, 6, 22, 23 These elements seem to be the most prevalent conjugative elements in all prokaryotic clades. 23 Accession: NZ_AP014646 Length: 6 850 954 bp CDS tRNA rRNA Other BLAST hit = 100% identical BLAST hit ≥ 98% identical BLAST hit ≥ 95% identical BLAST hit ≥ 94% identical BLAST hit ≥ 92% identical BLAST hit ≥ 90% identical BLAST hit ≥ 88% identical BLAST hit ≥ 86% identical BLAST hit ≥ 84% identical BLAST hit ≥ 82% identical BLAST hit ≥ 0% identical GC content GC skew+ GC skew− Figure 1 . Sequence-based alignment of P. aeruginosa ST235 genomes, using the NCGM_1984 strain (accession number NZ_AP014646) as mentioned in the top left corner as the reference genome and NCGM 1900, FFUP_PS_690, RNS_PA1, RNS_PA46, RNS_PAE05, NCGM2.S1 and S-Pae (from the outermost to the innermost circle, respectively) strains as comparison organisms. Different colours are attributed to a range of nucleotide BLAST hits, as specified in the figure key. The outermost arrows and arrowheads represent specific features of the reference genome, as specified in the figure key. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC. bla GES-6 -harbouring ICE from P. aeruginosa JAC The MGE identified here is an ICE, hereby named ICEPae690. A keyword search for 'integrative conjugative elements AND betalactamase' produced 21 hits in PubMed (latest search performed on 5 May 2017). Of these, only two reports were associated with carbapenemases: a bla GES-5 -harbouring GI2, identified in P. aeruginosa draft genomes from Australia and also belonging to ST235; 5 and an ICE Tn4371 6061 with bla SPM-1 , frequently observed in ST277 P. aeruginosa isolates from Brazil. 24 Curiously, these reports are quite recent, which highlights the importance of WGS projects and subsequent bioinformatic analysis in the correct identification of these MGEs. The ICEPae690 backbone was unrelated to the one from GI2 and ICE Tn4371 6061, supporting the high genome plasticity frequently observed in ICEs. ICEPae690 was very similar to a fragment of the 197350 bp PAGI-13 sequence from P. aeruginosa strain CCBH4851 identified in Brazil (accession number KT454971.1), 25 exhibiting 93% query cover and 99% nucleotide identity (Figure 3 ). PAGI-13 harbours a 16S rRNA methylase (rmtD) and the In163 integron (carrying aacA4, bla OXA-56 and aadA7). 25 A pairwise comparison revealed that 77 out of the 91 CDSs from ICEPae690 shared 100% protein identity with the ones from PAGI-13, comprising ICE proteins and DNA repair proteins. The main differences reside in the integron structure and ORFs encoding hypothetical proteins. Integrases were highly related, comprising a single L430P shift in ICEPae690. Interestingly, similar query cover and identity values were observed for several ST277 P. aeruginosa isolates from Brazil: PA7790, PA1088, PA11803 and PA8281 (accession numbers CP014999.1, CP015001.1, CP015003.1 and CP015002.1, respectively). 26 It was also somehow related to previously reported GIs from this species: 87% identity and 57%, 54% and 53% query cover for PAGI-2(C) from Germany, and PAGI-15 and PAGI-16 from South Korea (accession numbers AF440523, KX196168.1 and KX196169.1, respectively). Future studies will help to evaluate if the aforementioned elements are in fact ICEs and to assess the real contribution of these MGEs to the dissemination of carbapenemases.
In P. aeruginosa, most ICEs fall into two large families: those linked to pKLC102 and the clc-like ICEs. 6 ICEPae690 is related to the second, exhibiting 88% identity and 61% query cover when compared with ICEclc (accession number AJ617740). It was also similar to other clc-like ICEs, such as PAGI-2(C) and PAGI-3(SG) (accession numbers AF440523 and AF440524, respectively) ( Figure 3) . 27 The low query cover observed is typical of the clc-like ICEs, since these elements display a conserved portion next to the integration site but harbour unique cargo genes (Figure 3) . 6 The 105 bp ICEclc element was first reported in Pseudomonas knackmussii strain B13 and harbours cargo genes responsible for catabolic activities. This element was successfully transferred into c-and b-proteobacteria.
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Besides the In1076 integron, ICEPae690 carried genes encoding an integrase, conjugative elements including a relaxase, type IV secretion system (T4SS) proteins, a type IV coupling protein (T4CP) and genes encoding maintenance functions. The relaxase belongs to the TraI-2 superfamily, although unrelated to the TraI nickase/ helicase from IncF plasmids. 28 The T4CP is a TraG/TraD family ATPase and is part of the TrwB-AAD-bind superfamily, essential for macromolecular transport and export. 28 The T4SS proteins reported here are related to the TraU, TraG-N, TraC_F_IV and TraK superfamilies and are associated with conjugal DNA transfer and assembly of the pilus filament. 28 A putative oriT site was bioinformatically identified upstream of the relaxase gene. 21 The complete machinery for self-conjugation is in accordance with the finding that ICEPae690 was successfully transferred to a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1. Screening for bla GES and its genetic environment by PCR gave positive results for the transconjugant, here named P. aeruginosa PAO1 (ICEPae690), which exhibited an MIC value of imipenem of 12 mg/L. The MIC values of imipenem for the donor strain were .32 mg/L, while for the recipient strain the value dropped to 1 mg/L. MLST analysis confirmed the success of the transfer to P. aeruginosa PAO1.
ICEPae690 was integrated next to a tRNA Gly gene. This gene is part of a cluster comprising one tRNA Glu gene and two tandem tRNA Gly genes. 27 Several 16 bp DRs (5 0 -CTCGTTTCCCGCTCCA), similar to the attL and attR sites found for clc-like ICEs, were reported flanking ICEPae690. 27 These two att sites result from site-specific recombination between the attachment sites on the ICE (attP) and in the bacterial host (attB). 3, 4, 22 Next to the tRNA Gly gene, a site-specific recombinase of the bacteriophage P4 integrase subfamily was identified. P4-like integrases are typically found next to tRNA genes in temperate phages, integrative plasmids and GIs from different Gramnegative bacteria, emphasizing the interchangeable potential of functional modules between different MGEs along their evolutionary history. 3, 4, 6, 22, 23 This integrase is essential for both integration and excision of the MGEs, 3, 4, 6, 22, 23 and was related to the integrase from the ICEclc-element, exhibiting 87% amino acid identity.
A GI location for the exoU gene
The genome of FFUP_PS_690 encodes a variety of toxins of the type III secretion system (T3SS). The T3SS is a needle-like structure that injects effectors directly into the host cell. 29, 30 Most P. aeruginosa strains harbour a combination of three toxins, among which the exoT and exoY genes are the most conserved. 29, 30 The third effector is either exoS or exoU, which are almost mutually exclusive. 25, 30 The reason for this incompatibility within the same genome remains unknown. The exoS!/exoU# genotype is frequently related to an invasive phenotype, while exoS#/exoU! is linked to a highly cytotoxic scenario. 30 A pathogenicity GI was here identified and exhibited 99% nucleotide similarity and 100% query cover with the ExoU island A from P. aeruginosa strain 6077. 29 The exoU gene was flanked by spcU, encoding its chaperone, and a putative transposase. ExoU is a potent cytotoxin with phospholipase activity, which is frequently related to nosocomial-acquired pneumonia, ear infections and bla GES-6 -harbouring ICE from P. aeruginosa JAC keratitis. 5, [29] [30] [31] During acute pneumonia, ExoU is injected into and impairs alveolar macrophages and phagocytes, compromising the host defence mechanisms and helping bacteria to survive in this environment. 31 The exoS#/exoU! genotype is related to specific clonal lineages, such as ST235. 30 Interestingly, in silico analysis revealed the presence of ExoU island A at the same chromosomal location on the genome of the aforementioned ST235 strains NCGM 1900, NCGM 1984 and NCGM2.S1, reflecting a preference of these islands for the typical attB sequence of the tRNA Lys gene from the host. The exoU gene is less prevalent than other T3SS effector genes in the P. aeruginosa genome, which may be explained by its recent acquisition via horizontal transmission into particular lineages. 29, 32 Conclusions WGS projects and bioinformatic analysis have helped to shed new light on ICE-mediated genome plasticity. The presence of 'hitchhiking' genetic elements, such as the bla GES-6 -harbouring In1076 integron in a putative ICE, signals its potential spread through conjugation and/or clonal expansion of the ST235 high-risk clone. Since ICEs are part of most clades of bacteria and represent the most abundant conjugative element in prokaryotes, more studies are mandatory to access the real contribution of these MGEs to the horizontal transfer of antibiotic resistance determinants.
